ABSTRACT: Sugarcane (Saccharum officinarum L.) grows under different weather conditions directly affecting crop maturation. Raw material quality predicting models are important tools in sugarcane crop management; the goal of these models is to provide productivity estimates during harvesting, increasing the efficiency of strategical and administrative decisions. The objective of this work was developing a model to predict Total Recoverable Sugars (TRS) during harvesting, using data related to production factors such as soil water storage and negative degree-days. The database of a sugar mill for the crop seasons 1999/2000, 2000/2001 and 2001/2002 was analyzed, and statistical models were tested to estimate raw material. The maturity model for a one-year old sugarcane proved to be significant, with a coefficient of determination (R 2 ) of 0.7049*. No differences were detected between measured and estimated data in the simulation (P < 0.05). Key words: sucrose, predicting, quality, mathematical model, climatology
INTRODUCTION
Sugarcane (Saccharum officinarum L.) crop is submitted to different environmental conditions, and maturation is directly affected by those conditions. Because of this variation along the cycle, predicting the crop's responses to those different stimuli may allow improved planning. Raw material quality predicting models are important tools in sugarcane cropping planning (Beauclair et al., 1993; Beauclair & Scarpari, 2002) , since they are aimed at characterizing management alternatives, creating more realistic scenarios for decision analysis simulations and optimizations, increasing the efficiency of management and strategic decisions along the cropping season (Boote et al., 1996; O'Leary, 2000) .
Within this context, the planning of sugarcane harvest aims to optimize the crop's economic return (Beauclair & Penteado, 1984; Crane et al., 1982) , based on the concept that sugarcane presents, during the cropping season, a period known as optimal peak maturity for harvesting, at which the maximum concentration of sucrose occurs in the stalks. Inevitably, whether harvest planning is optimized or not, it uses agricultural yield and maturation estimates to determine the necessary resources and to fulfill execution timetables and carry out operations sequencing (Muchow et al., 1998; Salassi et al., 2002) . The objective of this work was to develop models to estimate Total Recoverable Sugar (TRS) (CONSECANA, 1999) , in kilograms of sucrose per ton of sugarcane, along the cropping season, using data related to the production factors soil water storage and negative degree-days.
Climate is the factor influencing sugarcane maturation the most (Alexander, 1973; Barbieri, 1993; Keating et al., 1999) ; maturation is governed by a complex of internal and external factors (Van Dillewijn, 1952) . Climatic elements such as precipitation and air temperature vary according to the conditions in different producing areas, and the models that do not address this effect in particular can, at most, represent a fraction of the total variation in maturity and are restricted to the same climate condition (Beauclair, 1994) . Scarpari (2002) used monthly precipitation data to build a maturity predicting model but this is not, however, the best method to verify the influence of water availability on maturity. The best method to achieve those results is the water balance method (Thornthwaite & Mather, 1955) , in which precipitation and evapotranspiration are taken into account, in addition to the soil's Available Water Capacity (AWC) (Doorenbos & Kassam, 1979) , where the result is soil water storage (Barbieri et al., 1997; Inman-Bamber & Kiker, 1997) . Several authors have modeled the influence of evapotranspiration on crop productivity (Barbieri, 1981; Ometto, 1978; Thompson, 1976) . However, the influence of water availability on maturity has not yet been sufficiently studied. Humbert (1968) observed that for the process of physiological maturity to occur where a seasonal reduction of air temperature does not occur, the crop must be submitted to a moderate drought, inducing sucrose accumulation in the plant's tissues.
Another factor influencing maturity herein considered is cold. According to Alexander (1973) , the process of physiological maturity depends on the seasonal reduction of air temperature, slowing down the rate of vegetative development without, however, significantly affecting the process of photosynthesis, so that a greater amount of photosynthesized products transformed into sugars will be available for storage within the plant's tissues.
The partitioning of photosynthates was modeled by Liu & Bull (2001) . The authors considered the mean air temperature a factor of influence on the distribution of those photosynthates, demonstrating the importance of the seasonal reduction of the air temperature on maturity and sucrose partitioning. Under low night temperatures, development is slow and an increase in the concentration of sucrose in the plant's stalks is observed.
MATERIAL AND METHODS
This project was developed from sugarcane harvest results obtained in Pontal, State of São Paulo, Brazil (21°00' S, 48°02'23" W), mean temperature of 22.4°C, mean annual precipitation of 1,598 mm, and mean altitude of 515 m. Water balance for the evaluated period is presented in Figures 1, 2 , and 3.
Data from 74 sugarcane stands in the 1999/2000, 2000/2001 and 2001/2002 cropping seasons were analyzed in terms of quality (TRS), stand age, climatic parameters, soil, and management. Statistical models for raw material quality estimation were tested using the SAS "Statistical Analysis System" software (SAS Institute, 1989 ).
The method utilized to correlate maturity and temperature was the negative degree-days method, which corresponds to the area comprised between the base temperature, below which development is considered null, and the daily minimum temperature (Scarpari, 2002) . Barbieri et al. (1979) determined the base temperature for sugarcane to be around 20°C. Figure 4 demonstrates how this factor was calculated.
For Tb > Tm
Negative degree-days = (Tb -Tm) 2 × no. days in the month; 2 (TM -Tm)
For Tb ≤ Tm, Negative degree-days = 0;
where: TM = mean monthly maximum temperature (ºC), Tm = mean monthly minimum temperature (ºC), Tb = base temperature (ºC) = 20ºC (Barbieri et al., 1979) . With regard to the soil, a mean Available Water Capacity (AWC) of 100 mm was considered for the Rhodic Eutrudoxes, with moderated A horizon, very clayey-textured soils (Embrapa, 1999) found at the sugar mill plant, and monthly storage was used as an independent variable in the model.
The agroclimatic model used in this work is defined by a mathematical expression that relates the dependent variable TRS (Y) to the independent variables defined as soil water storage and negative degree-days in the five months preceding harvest at each stand, in the following way: Y = a + b 1 arm1 + b 2 arm2 + b 3 arm3 +...+ b 10 frio5;
where: Y = dependent variable for the model (TRS), arm1 = storage in the month preceding harvest in the stand (mm), arm2 = storage in the second month preceding harvest in the stand (mm), arm3 = storage in the third month preceding harvest in the stand (mm), arm4 = storage in the fourth month preceding harvest in the stand (mm), arm5 = storage in the fifth month preceding harvest in the stand (mm), frio1 = negative degree-days in the month preceding harvest in the stand (ºC), frio2 = negative degree-days in the second month preceding harvest in the stand (ºC), frio3 = negative degree-days in the third month preceding harvest in the stand (ºC), frio4 = negative degree-days in the fourth month preceding harvest in the stand (ºC), frio5 = negative degree-days in the fifth month preceding harvest in the stand (ºC). Determination of parameters b 1 , b 2 , b 3 ,..., b 9 and b 10 in the adopted equation was performed using the "REG" procedure and the "STEPWISE" method, where the independent variables that take part in the model are selected through multiple linear regression. The "STEPWISE" method is used when the hypothesis is to predict or relate a sample to one or more independent variables (Robbins & Danemam, 1999) . Therefore, the relation between dependent and independent variables is explained, determining a logical relationship between them. In all procedures, the analysis of variance for the multiple linear regression was tested by the F test (Spiegel, 1972) , up to the 10% probability error level for rejecting the null hypothesis. This level is ordinarily used in works dealing with random variables (Hoffman & Vieira, 1977) .
The parameter known as coefficient of determination (R 2 ) was used as indicator of the model's precision.
where: R 2 = coefficient of determination, SSR = regression sum of squares, SST = total sum of squares.
The Chi-square adherence test was used in the model simulation and in the comparison between TRS measured in the stands and TRS estimated by the model; the measured frequencies were adjusted to proportions established by convenient theories or hypotheses (Gomes, 1990) . The statistical level of significance was set at 5%.
Calculation was performed using the formula:
fe where: χ 2 = Chi-square, fm = frequencies measured at the stands, fe = frequencies estimated by the model. 
RESULTS AND DISCUSSION
where: TRS = Total Recoverable Sugar (in kg sugar per ton of sugarcane), arm4 = storage in the fourth month preceding harvest in the stand (in mm), frio5 = negative degree-days in the fifth month preceding harvest in the stand (in ºC), frio3 = negative degree-days in the third month preceding harvest in the stand (in ºC). The concept of negative degree-days adopted in this work was extremely valuable for selecting independent variables for the model, such as the positive signal of the parameter estimated for variable frio5, indicating a beneficial effect of cold on sucrose accumulation. This effect was explained by Alexander (1973) , who reported that night temperatures below 20°C affect plant's metabolism, limiting nutrients and water movement toward the leaves and causing a decrease in the contents of those elements, thus affecting growth. Since growth represents the opposite of sucrose storage, the activity of the invertase enzyme is increased (Taiz & Zeiger, 1998), with Negative degree-days Tm transport of sucrose from the cytosol into the vacuoles at the expense of energy. This transport occurs at a higher degree at night, when the stomata are closed and no transpiration occurs. Therefore, plants supplied with good levels of water, temperature (i.e., high), and nutrients, do not enter the maturation process. One single stimulus contrary to those listed above is sufficient to trigger the process. Humbert (1968) also observed effect of low temperatures on growth metabolism reduction and maturity induction, even when the levels of nitrogen and soil moisture are adequate. When maturity is induced by nitrogen deficiency, an increase in the content of reducing sugars, and a decline in the percentage of recoverable sugar occurs, which is undesirable, indicating that the best factor for naturally triggering maturity is cold indeed; an adequate content of nitrogen in the plant is also necessary. As previously stated, there is a relationship between the enzyme invertase and the rate of sucrose storage into the vacuoles of mature tissues (Hatch & Glasziou, 1963) , indicating that sucrose storage increases or decreases depending on the activity of the enzyme invertase in the cytosol. Several research reports on the mechanism of action of invertase and other enzymes that act on this process have been published, one of the most recent being Rohwer & Botha (2001) . However, not all steps of the reactions involved have been described in detail, and more conclusive studies are required. Hormones, such as gibberellins and abscisic acid (ABA), in addition to their action on flowering, germination, and stomata closing, also participate in maturation, and their reactions are influenced by cold (Salisbury & Ross, 1991) .
The positive signal of the parameter estimated for variable arm4, although apparently contradicting the literature, is not altogether surprising, since a severe drought prior to harvesting, which occurred in the months of May, June, July, and August in the years 1999 and 2000 is not beneficial, since the stomata close to save water, causing a decrease in transpiration, gaseous exchanges, CO 2 assimilation, and sucrose accumulation. As seen in Humbert (1968) , water stress affects sugarcane quality as sucrose is inverted into glucose and fructose. Therefore, a marked water deficiency for the plant near the beginning of the maturation stage could negatively affect the production of sucrose.
The independent variable frio3, selected by the "STEPWISE" method, indicated a deppressive effect of cold in the third month preceding harvest in the stand on sucrose accumulation. This result does not contradict the literature, and could be an indication that the selection of variable frio3 was due to a mathematical adjustment inherent to the method of analysis in search for higherweight variables in the final coefficient of determination (R 2 ), a particularity commented by Robbins & Danemam (1999) . On the other hand, it could be hypothesized that excessive cold, around 9°C, which occurred in the third month preceding harvest in each year, would consume chemical energy or the plant to recover its physiological metabolism, in addition to affecting the process of photosynthesis and phloem sap viscosity, interfering with sucrose transport and storage from the leaves into the stalks. Du et al. (1999) measured the photosynthesis rate and metabolism of the crop when exposed to a temperature of 10°C for periods of 4, 28, and 52 hours, and observed a decrease in photosynthesis rate by more than 50% and a reduction in the activity of enzymes PPDK and NADP-MDH by 70%; these are enzymes that can determine cold sensitivity on the photosynthesis rate and on sucrose synthesis.
Varieties from tropical regions have been observed to be more sensitive to cold when compared with varieties from temperate regions. Thus, there is a limit for the benefits resulting from low temperatures on the maturity and quality of sugarcane as a raw material for industrialization. Possibly, a higher number of observations (cropping seasons) will allow better adjustments and explanations for this selected variable, in addition to evaluations and analyses of the metabolism involved in maturation. The R 2 value of 0.7049* is significant, indicating that the model explains about 70% of TRS variation as a function of the variations of the selected variables, with the remaining 30% being caused by factors not considered in the model, such as the varietal difference detected through several maturity curve standards. Varieties such as RB855536 and SP80-1842 (Copersucar, 1993) , planted in the same season and harvested during the months of August through October show distinct maturity curves, a genetic character inherent to each variety. Resistance to lodging is another trait specific to each variety; this is an undesirable phenomenon, because when it occurs it is accompanied by lateral bud sprouting and sucrose consumption.
Local particularities, such as low-lying areas, tend to accumulate more water in the soil, delaying maturity. Attack by pests and diseases could invert sucrose, while specific differences in management and age also influence maturity. These factors can and must be isolated in future works, by selecting the data according to certain criteria, for instance, records of a given variety or a certain planting season or cut. However, because of the nature of the analysis, a greater number of data will be needed. These procedures will increase the precision of estimates.
Since the null hypothesis was rejected by the model (F value is statistically significant), the effect of the selected variables must be taken into account in all simulations; it must be kept in mind that the deppressive effect of variable frio3 is still subject to hypotheses, or, in other words, it could be inherent to the mathematical adjustment of the method that was used or to an effect linked to the intensity of that factor, as reported by Du et al. (1999) . Therefore, the model could supply an estimate for the TRS values, up to three months in advance before harvesting the one year-old sugarcane varieties planted at that place, thus allowing a better evaluation of the production scenario.
After building the model, validation simulations were performed, in which the estimated productivities generated by the model for the cropping season corresponding to the one year-old sugarcane harvesting was compared to the productivities actually By applying the Chi-square test to the measured and estimated data from Figure 5 , a χ 2 value of 24.03 is obtained. By looking up the value in the χ 2 table (Hoffman, 1980) for P < 0.05 and d.f. = 73, a χ 2 value of ≅ 95 was found. Since the calculated Chi-square value is smaller than the table value, there is no significant statistical difference at 5%, with acceptance of both Ho and the hypothesis of equal frequencies. Thus, the χ 2 test result presented in Figure 5 indicates that the proposed model is suitable for estimating maturity in one year-old sugarcane, with an R 2 = 0.8646 when fitting the data estimated by the model, and an R 2 = 0.2704 when fitting the data measured in the stands. An excellent fitting of the estimated data can be observed; however, the measured data showed great variation and poor fitting to the quadratic model, especially because of the decrease in TRS in the month of December. This deviation has small relative importance, since harvesting hardly extends beyond the 15th of that month. As previously mentioned, a greater number of observations (cropping seasons) and the repetition of these procedures will provide better simulation fitting, but these results already allow the use of this model to estimate the future quality of the raw material, especially when creating more realistic scenarios, which will provide data for planning studies and decision analyses.
With regard to agronomic implications, TRS predictions are made currently for agronomical planning by using maturity curves obtained in assays of varieties cleared by research organizations or by consulting the history for the area, with great prediction errors, resulting from the huge knowledge gap with respect to the quantitative effects that the factors exert over yields. When it comes to sugar export contracts and harvest planning (whether optimized or not), these estimates based solely on history become extremely fragile. In the presented model, however, an error smaller than 5% represents a great improvement, demonstrating that this tool is viable for agroindustrial and agronomic strategics and planning. 
